The taxonomy of the Asian treefrogs of the Rhacophorus dugritei complex, a group of widespread and morphologically similar species, is very controversial. To address many issues, we investigate the historical relationships among representative samples based on~3 kbp of nucleotide sequences from both the mitochondrial (12S rRNA, tRNA valine , and 16S rRNA) and nuclear (tyrosinase and rhodopsin) genomes. Maximum parsimony, maximum likelihood, and partitioned Bayesian inference analyses resolve three well-supported lineages. Lineage A, including Rhacophorus dugritei and Rhacophorus hui, is sister to lineage B, which contains Rhacophorus hungfuensis, Rhacophorus minimus, R. hui from Hubei, and R. dugritei from Chongqing. Together, these lineages are the sister group of lineage C, which is composed of Rhacophorus puerensis from China and Vietnam, and R. dugritei from Vietnam. The phylogeny validates the previously contested species R. puerensis, which is distributed northwards from northern Vietnam to north-western Yunnan, China. Rhacophorus hui is also considered to be a valid species, the range of which is restricted to Zhaojue County, Sichuan, China. Specimens formerly identified as R. dugritei from Chongqing and R. hui from Lichuan, Hubei, are described as new species Rhacophorus hongchibaensissp. nov. and Rhacophorus wui sp. nov., respectively. Diagnoses, detailed descriptions, illustrations, data on distribution and ecology are provided for the two new species. elevation 1747 m a.s.l.; Fig. 1) .
INTRODUCTION
Species form the basis of biological science. The occurrence of widespread species has implications for conservation and ecology that differ from those of narrowly distributed species. For example, narrowly distributed species, such as those on islands, are more likely to become extinct than the broadly distributed species, such as the widespread species occurring on continental land masses (MacArthur & Wilson, 1963 , 1967 . Many species of frogs are now threatened or endangered with extinction (Stuart et al., 2004) . Given these observations, the determination of species identities and their distributions is critical. If widespread species are an assemblage of cryptic species, then possible conservation initiatives need to be considered. After all, bad taxonomy kills (Daugherty et al., 1990; May, 1990) .
Traditional taxonomic classifications of ranoid frogs, including species identities, based largely on comparisons of overall morphological similarity (e.g. Dubois, 1992; Fei et al., 2005) , are now unstable because of extensive homoplasy in both larvae and adults (Bossuyt & Milinkovitch, 2000; Stuart, 2008) . Many widespread species may be complexes of cryptic species (Stuart, Inger & Voris, 2006) . Two or more morphologically similar species may be erroneously classified (and hidden) under one name. Recent analyses of DNA sequence data, including phylogenetic and genealogical reconstructions, document species complexes that not only exhibit great morphological variation but also cryptic species (e.g. Gururaja et al., 2007; Biju, Roelants & Bossuyt, 2008; Biju & Bossuyt, 2009 ).
The ranoid treefrog genus Rhacophorus Kuhl & Van Hassalt, 1822, which is widely distributed across India, China, Japan, mainland South-East Asia, the Greater Sunda Islands, and the Philippines, contains about 80 species (Frost, 2011) . Because some species possess extensive digital webbing, and use their hands and feet as parachutes when escaping predators, they are sometimes called parachuting frogs or flying frogs (Davis, 1965) . Apart from their peculiar morphology, their stunning coloration and interesting breeding behaviour make them one of the hottest research groups in the Anura (Harvey et al., 2002) . Morphologically, Rhacophorus, the largest genus in the Rhacophoridae (AmphibiaWeb, 2010; Frost, 2011) , is characterized by having procoelus vertebrae, anal folds that are usually present, and, typically, extensive dermal forearm and tarsal folds (Liem, 1970; Jiang, Hu & Zhao, 1987; Wilkinson & Drewes, 2000) . The taxonomic status of some species within Rhacophorus remains unresolved, regardless of previous efforts (e.g. Orlov et al., 2001; Wilkinson, Drewes & Tatum, 2002; Delorme et al., 2005; Frost et al., 2006; Rao, Wilkinson & Liu, 2006; Grosjean et al., 2008; Li et al., 2008 Li et al., , 2009 Yu et al., 2008 Yu et al., , 2009 .
Rhacophorus dugritei (David, 1872) is probably a complex of cryptic species that has yet to be fully resolved. This would account for the widespread ranges and great extent of morphological variation within some species (Pope & Boring, 1940; Liu, 1950; Fei, 1999; Ohler et al., 2000; Orlov et al., 2001; Bain & Nguyen, 2004; Fei et al., 2005 Fei et al., , 2009 Fei, Ye & Jiang, 2010) . Table 1 lists species with morphologies similar to R. dugritei, originally described by David (1872) , as a species of Polypedates, based on specimens from Mouping, Baoxing County, Sichuan, China. The validity of some species, as well as some generic allocations, has been subject to debate (Zhao et al., 2000; Fei et al., 2005 Fei et al., , 2009 Fei et al., , 2010 Li, Wu & Zhao, 2006; Li et al., 2008 Li et al., , 2009 Frost, 2011) .
The history of the R. dugritei complex involves taxonomic instability. Liu (1950) recognized Rhacophorus bambusicola, and he considered Rhacophorus hui and Rhacophorus batangensis to be junior synonyms. In contrast, Liu & Hu (1961) considered R. bambusicola, R. hui, and R. batangensis to be junior synonyms of R. dugritei. Wu & Zeng (1994) reported two distinct karyotypic patterns in four Chinese populations of R. dugritei within 100 km of each other. One exhibits a secondary constriction in the middle of the long arm of chromosome 10, and the other has satellites on the terminal end of arm 10. Based on the karyotypes and differences in snout coloration, they described Polypedates zhaojuensis (Wu & Zeng, 1994) , which has a yellowish brown snout, from Sichuan and Hubei, China. Adding karyological data from the type locality of R. dugritei, Li et al. (2006) resurrected R. hui from the synonymy of R. dugritei, and considered Rhacophorus zhaojuensis to be a junior synonym of R. hui. Because Rhacophorus puerensis is morphologically very similar to R. dugritei (He, 1999) , some authorities consider the former species to be a junior synonym of the latter (Fei et al., 2005 (Fei et al., , 2009 (Fei et al., , 2010 . Other researchers have continued to recognize the validity of R. puerensis (Zhao et al., 2000; Li et al., 2008) . Yu et al. (2009) indicated that R. hui is a valid species, but their specimens of R. dugritei may have been misidentified. Their sample from Yongde, Yunnan, is nearer to the type locality of R. puerensis than to that of R. dugritei. Orlov et al. (2001) commented that R. dugritei from the Hoang Lien Mountains of Vietnam might be conspecific with R. puerensis. Specimens of R. dugritei from Ha Giang, Vietnam, are morphologically similar to R. puerensis (Bain & Nguyen, 2004) . Given the taxonomic uncertainties and their implications for conservation, we investigate the evolution and taxonomy of the R. dugritei complex. In order to recognize species, we test the null hypothesis of conspecificity. The null hypothesis assumes essentially unabated gene flow among sample sites. We reconstruct matrilineal relationships using mitochondrial DNA (mtDNA) nucleotide sequence data, and attempt to assess gene flow using nuclear DNA (nuDNA) sequences. Matrilineal history, distributions, morphology, and nuclear gene assessments are synthesized to test the null hypothesis and resolve the taxonomic status of the R. dugritei species complex, including five putative species as follows: R. dugritei, R. hui, Rhacophorus hungfuensis Liu & Hu, 1961 , Rhacophorus minimus Rao, Wilkinson & Liu, 2006 , and R. puerensis (Frost, 2011 . Monophyly (monogenealogy sensu Murphy and Méndez de la Cruz, 2010) using mtDNA data is not required (Xia et al., in press ). In the end, we describe two new species: Rhacophorus hongchibaensis sp. nov. and Rhacophorus wui sp. nov. The phylogeny is also used to investigate the biogeography of the group.
MATERIAL AND METHODS

SPECIES SAMPLING AND DATA COLLECTION
Taxonomic sampling included 47 specimens. Kurixalus hainanus (Zhao, Wang & Shi, 2005) and Polypedates megacephalus Hallowell, 1861 were chosen as out-group taxa (Frost et al., 2006; Li et al., 2008 Li et al., , 2009 Yu et al., 2009) . Sequence data were obtained both de novo and from GenBank. GenBank accession numbers for all data, all sampled species and locations, and voucher specimen numbers are summarised in Table 2 , and collection sites for our samples are illustrated in Figure 1 .
AND SEQUENCING
Genomic DNA was extracted from either toe clips, muscle, or liver tissues initially preserved in either 95 or 100% ethanol. Tissue samples were digested using proteinase K, and then followed a standard three-step phenol/chloroform extraction procedure (Sambrook, Fritsch & Maniatis, 1989; Hillis et al., 1996) . The mtDNA fragment included 1965 aligned nucleotide positions from 12S and 16S ribosomal RNA (rRNA), together with the complete intervening transfer RNA (tRNA) for valine (tRNA val ). The nuDNA sequences involved a 532-bp fragment of exon 1 of tyrosinase and a 316-bp fragment of exon 1 of rhodopsin. Primer sequences were taken from Bossuyt & Milinkovitch (2000) and Wilkinson et al. (2002) . Double-stranded polymerase chain reaction (PCR) amplification for the mitochondrial genes was carried out using the following parameters: 95°C initial hot start (5 min), then 35 cycles of 94°C denaturation (1 min), 55°C annealing (1 min), and 72°C extension (1 min). A final extension at 72°C was conducted for 10 min. For rhodopsin and tyrosinase, the same procedure was used, but with annealing at 52°C and 54°C, respectively. Purified PCR products were directly sequenced with an ABI 3730 automated DNA sequencer, and sequences were then determined in both directions for each species and submitted to a BLAST search (Altschul et al., 1997) in GenBank to ensure gene and taxon identity.
SEQUENCE ALIGNMENT
Alignments were first conducted using CLUST-ALX 1.81 (Thompson et al., 1997) with default parameters, and subsequently adjusted by eye when required. Nucleotide sites with ambiguous alignments were removed from the analyses to increase the reliability of the phylogenetic analysis (Swofford et al., 1996) . The aligned sequences were submitted to TREEBASE (http://purl.org/phylo/treebase/phylows/ study/TB2:S12168). Gaps resulting from the alignment were treated as missing data in all analyses. Because all mtDNA gene sequences are effectively inherited as one locus, they were concatenated into a single fragment for analyses. Pairwise comparisons of uncorrected sequence divergences (p-distances) for mtDNA genes were calculated using PAUP* 4.0b.10a (Swofford, 2003) .
PHYLOGENETIC ANALYSES
For the mtDNA and two nuDNA fragments, the possible saturation of substitution types was checked by plotting the number of transitions (Ti) and transversions (Tv) versus the TN93 distance using DAMBE (Xia, 2000) . To examine possible incongruence between genes and gene combinations (tyrosinase + rhodopsin; mtDNA + tyrosinase + rhodopsin), we used an incongruence length difference test (ILD) (Farris et al., 1994) , renamed as the partition homogeneity test in MOLECULAR PHYLOGENY OF TREEFROGS 145 PAUP*. One hundred replicates of the ILD with ten random-addition sequences were implemented. Sequence data from the mtDNA and nuDNA genes were analysed both separately and combined. Phylogenetic history was hypothesized using maximum parsimony (MP), maximum likelihood (ML), and partitioned Bayesian inference (BI). MP analyses were conducted using PAUP*. All characters were weighted equally and unordered, and only potentially phylogenetically informative sites were retained for tree searching. Analyses used a heuristic search with 1000 random stepwise additions followed by tree bisection reconnection (TBR) branch swapping. MP bootstrap branch support values (MPBS) were calculated with 1000 pseudoreplicates with ten random-addition sequences performed in each replication. The ML analyses were performed using RAxML Web-Servers (Stamatakis, Hoover & Rougemont, 2008) . Bootstrap branch support values (MLBS) were obtained with 100 rapid bootstrap inferences, and thereafter sought in a thorough ML search on the data set. All model parameters were estimated by RAxML.
For BI, the best-fitting models of sequence evolution for all three partitions (mtDNA; tyrosinase + rhodopsin; mtDNA + tyrosinase + rhodopsin) were obtained in MODELTEST 3.7 (Posada & Crandall, 1998) . For partitioned BI, the best-fitting nucleotide substitution model was selected by using Akaike's information criterion, as implemented in MODELT-EST 3.7 (Posada & Crandall, 1998) . The best-fitting models for mtDNA, rhodopsin, and tyrosinase genes were GTR + I + G, HKY+I, and TVMef + I + G, respectively. BI was implemented in MRBAYES 3.1.2 (Ronquist & Huelsenbeck, 2003) , and the following settings were applied: 10 000 000 Markov chain Monte Carlo (MCMC) generations, with a sampling frequency of 100. The first 25 000 sampled trees were discarded as a conservative burn-in. The remaining samples were used to generate a majority-rule consensus tree. The frequency of resolving a node was termed a Bayesian posterior probability (BPP). All MCMC runs were repeated twice to confirm a consistent approximation of the posterior parameter distributions.
MORPHOLOGICAL DATA AND ANALYSES Specimens were collected by hand and killed following animal use protocols approved by the Chengdu Institute of Biology Animal Care Committee. After extraction of tissue for DNA sequencing, the voucher specimens were fixed in 10% formalin for 2 days, then preserved in 70% ethanol and deposited in the collections of Chengdu Institute of Biology, Chinese Academy of Sciences (CIB).
The following measurements were taken to the nearest 0.1 mm with digital calipers: 3FL, length of disc of third finger; 3FW, width of disc of third finger; DNE, distance from nostril to eye; ED, eye diameter; FL, foot length (from proximal end of inner metatarsal tubercle to tip of fourth toe); FL 1-4, length of fingers 1-4 (from proximal end of inner metatarsal tubercle to the tip of the finger); FLL, forelimb length (from elbow to tip of third finger); FTL, length of foot and tarsus; HL, head length (from tip of snout to the hind border of the angle of the jaw, and not measured parallel with the median line); HLT, hand length (from base of outer palmer tubercle to tip of third finger); HW, head width (at angle of jaw); IND, internarial distance (distance between nares); IOD, interorbital distance (minimum distance between upper eyelids); SL, snout length (from anterior border of eye to tip of snout); SVL, snout-vent length (from tip of snout to vent); TD, tympanum diameter (the greatest diameter); THL, thigh length (from vent to knee); TIL, tibia length (from knee to foot); TL 1-5, length of toes 1-5 (from proximal end of inner metatarsal tubercle to the tip of the toe).
We applied a principal component analysis (PCA) on log-transformed morphometric data to assess whether or not these continuous characters could form the basis of qualitatively detectable structure in the data, and to explore the relative contributions of specific variables to group separation in multivariate space. Seven similar morphological species, R. dugritei, R. hongchibaensis sp. nov., R. hungfuensis, R. hui, R. minimus, R. puerensis, and R. wui sp-. nov., were included. Only adult males were used in the morphometric analysis because of a lack of sufficient sample sizes for females. All analyses were conducted in SPSS 16 (SPSS, Chicago, IL, USA). Additionally, we compared the ratios between TIL and SVL within six morphologically similar species using one-way analysis of variance (ANOVA) and least significant difference (LSD) for the multiple comparison test (R. minimus was excluded because of a lack of sufficient samples).
RESULTS
SEQUENCE VARIATION
The aligned mtDNA gene fragments consisted of 1964 nucleotide positions, corresponding to sites 726-2666 of the P. megacephalus mitochondrial genome (AY458598). The fragments contained 1151 constant characters and 574 potentially phylogenetically informative characters. The alignment of the combined nuDNA data (rhodopsin + tyrosinase) produced 848 base pairs of nucleotide sequences, of which 703 sites were constant and 61 sites were potentially phylogenetically informative. The combined and aligned data matrix of mtDNA + rhodopsin + tyrosinase presented a total of 2812 characters, of which 1854 were constant and 635 were potentially phylogenetically informative. Plots of transitions and transversions showed a linear relationship, thus giving no indication of saturation effects. Consequently, all substitutions and codon positions in these genes were used for phylogenetic inference.
PHYLOGENETIC ANALYSIS
For the mtDNA gene data, the MP analysis obtained six trees (tree length, L = 2442 steps; consistency index, CI = 0.492; retention index, RI = 0.635; and rescaled consistency index, RC = 0.313). The ML analysis obtained a topology that did not conflict with the MP trees. For BI, the likelihood values of the 50% majority consensus tree was lnL = -13358.96. The standard deviation of split frequencies among the four BI runs was 0.00195. The 50% majority consensus tree from BI was almost consistent with the MP and ML trees.
For tyrosinase and rhodopsin, the ILD presented no evidence of phylogenetic conflict (P = 0.06). Consequently, the genes were combined for phylogenetic inferences. Because of the dearth of potentially informative sites, a partitioned BI analysis was used for phylogenetic inference.
For the combined mtDNA and nuDNA data, MP resolved 36 most parsimonious trees (L = 2673 steps; CI = 0.513; RI = 0.639; RC = 0.328). The ML and BI trees exhibited nearly the same topology as the MP consensus tree, with only a few differences in some poorly supported nodes.
Analysis of the nuDNA data alone poorly resolved the phylogeny (not shown), yet one that did not conflict with the tree based on mtDNA data alone. Not surprisingly, considering the relative contributions, the topology of the tree from the mtDNA gene data was almost identical to that from the combined data; only the nodal bootstrap values differed. The combined data yielded higher bootstrap values and better resolution, and therefore the partitioned BI tree with MPBS, MLBS, and BPP values was used for the discussion (Fig. 2) . The following relationships were indicated by all three methods of analyses as being well supported and reliable. (Fig. 4 ). The differences from PCA are primarily size-based morphological variation, which are not detected for R. wui sp. nov. We find that R. wui sp. nov. can be distinguished from all other species of Rhacophorus by the presence of unusual characteristics, such as both dorsal and ventral surfaces with irregularly distributed small tubercles, some with white or black spines on the tip; tarsal fold obvious, with small white tubercles on the edge.
The phylogenetic relationships and morphological differences rejected the null hypothesis of conspecificity because monophyly and morphological cohesiveness within the current taxonomy were not maintained. Consequently, two new species required description for the taxonomy to replicate the historical relationships.
Diagnosis: Rhacophorus hongchibaensis sp. nov. can be distinguished from all other species in the genus by a combination of the following attributes: (1) range of body size (SVL) of males, 46.5-49.7 mm, SVL of females 55.3 mm; (2) ratio between TIL and SVL 0.372, alternatively, when adpressed to the body, tibiotarsal articulation does not reach tympanum; (3) light-green dorsal colour, with numerous large spots of light yellowish brown edged with vague darkbrown border; (4) hand length and forelimb length relatively short, HLT/SVL (0.313-0.368), FLL/SVL (0.480-0.569); (5) third finger width larger than tympanum; (6) dorsum with weakly distributed granules.
Description of holotype: An adult male, SVL 47.4 mm; head width slightly greater than length (HW 17.2 mm; HL 15.3 mm); snout 7.0 mm, slightly pointed in dorsal view, larger than diameter of eye (ED 5.6 mm); top of head flat; IOD smaller than IND (IOD 4.5 mm; IND 5.1 mm); canthus rostralis obvious; loreal region slightly concave; tympanum distinctly visible, rounded, about 0.5 ¥ ED (TD 2.7 mm); vomerine processes, with three teeth each; vocal sac single, externally expanded; tongue cordiform, distinctly notched posteriorly, free for approximately one-quarter of its length.
Forelimb 25.1 mm; hand length (HLT 16.3 mm), over half length of forelimb; finger with lateral dermal fringe, relative lengths of fingers 3 > 4 > 2 > 1 (FL 1 8.0 mm; FL2 11.3 mm; FL3 16.3 mm; FL4 13.2 mm); discs expanded, with circummarginal groove at the end of phalanges; terminal phalanges Y-shaped; pad length (III) smaller than pad width (3FL 2.6 mm; 3FW 3.1 mm), 3FW larger than TD; hand webbed developed only at base, webbing formula for digits following Myers & Duellman (1982) , I trace-II2-3III2.5-2IV; subarticular tubercles circular and distinctly convex; inner metacarpal tubercles small, indistinct.
Hindlimb relatively short; when adpressed to the body tibiotarsal articulation does not reach tympanum; heels do not meet when folded at right angle to body; thigh length larger than tibia length (THL 19.0 mm; TIL 17.0 mm); foot length larger than tibia length; toes with lateral dermal fringe, relative length of toes 4 > 5 > 3 > 2 > 1 (TL 1 8.1 mm; TL2 11.2 mm; TL3 15.4 mm; TL4 20.9 mm; TL5 16.0 mm); discs round ventral circummarginal groove, 4TW (2.60 mm) slightly smaller than TD; feet one-third webbed, webbing formula for digits I1-2II1.5-2III2-3IV3-2V; subarticular tubercles moderately prominent, rounded; inner metatarsal tubercle small, oval, and indistinct.
Skin on dorsum of body and surface of limbs weakly granulated, becoming feeble or with weak tubercles on sides of body; belly grossly granulate; ventral surface of limbs areolate.
Colour in life:
The dorsal and lateral surface light green, with numerous large spots of light yellowish brown with vague dark-brown border; upper surface of forelimb and hindlimb same as dorsum; dorsal colour of hands and feet yellowish brown, with numerous dark-brown spots; ventral surface creamy white with vaguely greyish brown blotches; ventral sides of the hindlimbs lightly red, marbled with grey; tips of fingers light brown with scattered dark mottling; inner side colour of thigh is creamy white with vague brown spots (Fig. 3B) .
Colour in preservative: Dorsal and lateral colours black-brown; ventral surface light creamy yellow, with vague, light-greyish brown blotches (Fig. 3D ). Posterior colour of thigh and arm dark brown with numerous black blotches; inner side colour of tibia white with vague brown spots.
Variation: Measurements and ranges of seven specimens from the type series are listed in Table 3 . Males (46.5-49.7 mm) smaller than female (55.3 mm). Tip of the snout in males is rather pointed compared with females. Males with internal subgular vocal sacs and two sublingual openings; nuptial pad present on the base of the first finger in males during breeding season. Numbers of vomerine teeth vary as follows: CIB 097688, CIB 097694, CIB 097695, CIB 097696, and CIB 097698 with four teeth each; CIB 097697 with five teeth. Webbing formula, with range in parentheses, based on Myers & Duellman (1982) : fingers, I trace-II2-3III2.5-(2-3)IV; toes, I(1-1.75)-2II(1-2)-(2-2.5)III2-(2-2.5)IV(2-3)-(1-2)V. Some specimens have fewer spots on the dorsum and ventrum.
Etymology: The species epithet of R. hongchibaensissp. nov. is named for the type locality, Hongchiba, which is the largest alpine grassland in southern China (He et al., 2004) .
Comparisons: Rhacophorus hongchibaensis sp. nov. is assigned to the genus Rhacophorus, and is excluded from all other genera by the following suite of characters: terminal phalanges Y-shaped, discs expanded, intercalary element present, and webbing between fingers and toes (Liem, 1970; Wilkinson & Drewes, 2000) . The molecular phylogeny confirms the assignment.
Following the taxonomic designations in Frost (2011) Wu, 1977 , and Rhacophorus verrucopus Huang, 1983 (Wilkinson et al., 2005 Orlov, Nguyen & Ho, 2008) . The presence of one-third webbing on the toes distinguishes the new species from those that have full webbing, including Rhacophorus burmanus (Andersson, 1939) (Liem, 1970; Jiang et al., 1987; Fei, 1999; Wilkinson & Drewes, 2000; Fei et al., 2009 Fei et al., , 2010 . The light-yellowish brown spots edged with dark brown on the dorsum clearly separates the new species from Rhacophorus arboreus (Okada & Kawano, 1924) , Rhacophorus chenfui Liu, 1945 , Rhacophorus dorsoviridis Bourret, 1937 , R. hungfuensis, R. minimus, Rhacophorus moltrechti Boulenger, 1908 , Rhacophorus nigropunctatus Liu, Hu & Yang, 1962 , Rhacophorus schlegelii (Günther, 1858 , and Rhacophorus yaoshanensis Liu & Hu, 1962 , the latter species with green dorsum (Liem, 1970; Jiang et al., 1987; Fei, 1999; Wilkinson et al., 2005; Fei et al., 2009 Fei et al., , 2010  Appendix 2).
Male R. hongchibaensis sp. nov. differ from similar appearing Chinese species in the R. dugritei complex (R. dugritei, R. hui, R. hungfuensis, R. minimus, R. puerensis, and R. wui sp. nov.) by their relatively large body size (46.5-49.7 mm) ( Fig. 3B ) and relatively lower ratio between TIL and SVL (0.372) ( Table 4 ). The PCA results confirm these differences ( Fig. 4 ; Appendix 2).
Distribution and ecology:
The new species is known only from the type locality. It shares a similar MOLECULAR PHYLOGENY OF TREEFROGS 153 ecological environment in high-altitude localities with the species R. dugritei, R. wui sp. nov. (Fig. 3E) Description of holotype: An adult male, SVL 36.6 mm; head width slightly greater than length (HW 13.9 mm; HL 12.9 mm); snout length (SL 6.0 mm), longer than diameter of eye (ED 4.6 mm), outline of snout in dorsal views pointed; ED much longer than DNE (2.9 mm); head flat, IND slightly longer than IOD (IND 4.4 mm; IOD 3.7 mm); cantus rostralis obvious and angular; nostrils closer to tip of snout than to eye, under the edge of canthus rostralis; loreal region is slightly concave; tympanum distinct, rounded, diameter (TD 2.5 mm) half of ED; vomerine processes, five vomerine teeth present; vocal sac single, externally expanded; tongue small sized, posterior one-eighth notched. Forelimb 21.0 mm, hand length larger than half of FLL (HLT 12.7 mm); fingers with lateral fringes, relative length of finger is 3 > 4 > 2 > 1 (FL 1 6.5 mm; FL2 8.8 mm; FL3 12.7 mm; FL4 10.4 mm); discs expanded, with circummarginal groove at the end of phalanges; terminal phalanges Y-shaped; pad width (III) slightly larger than pad length (3FL 2.1 mm; 3FW 2.3 mm); hand webbing poorly developed, only at base; webbing formula for digits, following Myers & Duellman (1982) , I trace-II2-3III2.5-2.25IV; subarticular tubercles present, distinct, convex, and rounded, a single subarticular tubercle on fingers I and II, two subarticular tubercles on finger III, three subarticular tubercles on finger IV; inner metacarpal tubercles small, oval, and distinct.
Hindlimbs relatively long; tibiotarsal articulation reaches to between tympanum and eye, when adpressed to the body; heels do not meet when folded at right angle to body; thigh length longer than tibia length (THL 17.2 mm; TIL 16.0 mm); toes with lateral dermal fringe, relative length of toes 4 > 5 > 3 > 2 > 1 (TL 1 6.0 mm; TL2 8.5 mm; TL3 12.5 mm; TL4 17.2 mm; TL5 13.5 mm); discs round, with ventral circummarginal groove, width of fourth toe disc relatively smaller than width of third finger disc; webbing formula for toes I2-2II1.5-2.5III2-2.5IV2.5-1.5V; base of outer two toes with row of small, white granules; inner metatarsal tubercles small, oval, and indistinct.
Skin on dorsum of body and limbs with strongly distributed, coarse tubercles, some with black or white spines on the tip, becoming feeble or weak on sides of body; belly grossly granulate; ventral surface of limbs areolate; tarsal fold obvious, with small tubercles on ridge; throat with somewhat loose skin.
Colour in life:
Coloration varies from dark yellowish brown to light green on dorsal and lateral surfaces, with numerous light-brown spots that have dark yellowish brown edges (Fig. 3A) ; individuals living on green grass versus mud light green versus darkyellowish brown, respectively. Upper surface of forelimb and hindlimb same as dorsum. Ventral surface creamy white with vague greyish brown blotches. Ventral sides of legs light reddish white, marbled with grey. Tips of finger light brown with scattered dark mottling; pattern retained when preserved. Inner side colour of thigh creamy white with vague brown spots.
Colour in preservative: Dorsal and lateral surfaces blackish brown (Fig. 3C ). Ventral surface light creamy yellow, with vague light greyish brown blotches. Posterior colour of thigh and arm dark brown with sparse reddish brown blotches. Inner side colour of tibia white with vague brown spots.
Variation: Measurements and ranges of the type series are given in Table 3 . Female (48.6 mm SVL) larger than males (35.2-38.2 mm SVL). Snout bluntly pointed in the female and more sharply pointed in males. Males with internal subgular vocal sacs and two sublingual openings; nuptial pad on base of first finger in males during breeding season. Number of vomerine teeth varies: CIB 097693 with three teeth; CIB 097689, CIB 097690, and CIB 097692 with four teeth each; CIB 097685 and CIB 097691 with five teeth each; and six teeth in CIB 097686. Webbing formula for fingers (with range) follows Myers & Duellman (1982: I trace-II(1.75-2.00)-3III(2.25-2.50)-(2.0-2.5)IV; toes, I(1.5-2)-2II(1-2)-2.5III2-2.5IV2.5-(1-2)V. Ventral surfaces either creamy white with vaguely brown blotches from throat to vent (CIB 97695), light-brown blotches only on belly (CIB 97697; CIB 97687), or covered with blotches (CIB 97698; CIB 97696).
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Etymology: The name, Rhacophorus wui sp. nov., honours Guan-fu Wu, in recognition of his great contribution to Chinese herpetology.
Comparisons: Rhacophorus wui sp. nov. is included within the genus because of expanded discs on the fingers and toes, terminal phalanges Y-shaped, intercalary element present, and webbing between fingers and toes (Liem, 1970; Wilkinson & Drewes, 2000) . Its placement is confirmed by our molecular phylogeny.
Similar morphologically to R. hongchibaensis sp. nov., R. wui sp. nov. can be distinguished from R. annamensis, R. bipunctatus, R. calcaneus, R. chuyangsinensis, R. kio, R. lateralis, R. malabaricus, R. nigropalmatus, R. orlovi, R. pardalis, R. reinwardtii, R. rhodopus, R. translineatus, and R. verrucopus by the lack of calcanar projections (Wilkinson et al., 2005; Orlov et al., 2008) . In lacking full webbing, this species differs from R. burmanus, R. dennysi, R. duboisi, R. dulitensis, R. feae, R. maximus, and R. omeimontis (Liem, 1970; Jiang et al., 1987; Fei, 1999; Wilkinson & Drewes, 2000; Fei et al., 2009 Fei et al., , 2010 Appendix 2) .
Numerous light-brown spots on the dorsum clearly distinguish R. wui from the species with no spots on green dorsum, including R. arboreus, R. chengfui, R. dorsoviridis, R. hungfuensis, R. minimus, R. moltrechti, R. nigropunctatus, and R. schlegelii (Liem, 1970; Jiang et al., 1987; Fei, 1999; Wilkinson et al., 2005; Fei et al., 2009 Fei et al., , 2010 Appendix 2) .
Rhacophorus wui sp. nov. differs from the similar Chinese species, R. dugritei, R. hui, R. hungfuensis, R. minimus, R. puerensis, and R. hongchibaensis sp. nov., by having a distinct tarsal fold and a dorsum with irregularly distributed tubercles that have white or black spines on the tip (Fig. 3A; Appendix 2) . Rhacophorus wui sp. nov. (35.2-38.2 mm) also differs from R. hongchibaensis sp. nov. (46.5-49.7 mm) in body size.
Distribution and ecology:
The new species, known only from the type locality, occurs in an environment similar to that of R. hongchibaensis sp. nov. (Fig. 3E ). Both solitary males and amplexing pairs are found at night during the mating season, from March through June. Males perch on the vegetation near the ground or water. White foam nests with fertilized eggs are sited at the base of grassy vegetation near swampy pools. Males call with a loud 'der-der-der' both day and night, albeit more frequently at night.
DISCUSSION
The rejection of a null hypothesis is more robust when it is based on a broad range of variables, the most common being matrilineal genealogy, nuDNA assessments of gene flow, morphology, behaviour, and geography. More often than not, decisions must be made on a limited suite of characters. Essentially, our data rejection of the null hypothesis is limited to matrilineal genealogy, morphology, and geography. Taken together, the data serve to reject the null hypothesis.
Nuclear rhodopsin and tyrosinase are widely used to infer amphibian relationships (Bossuyt & Milinkovitch, 2000; Frost et al., 2006; Li et al., 2008) . However, our analyses obtain a tree far less resolved than that from the mtDNA. Furthermore, the primary test of the null hypothesis relies on multiple hypervariable nuDNA loci, and not on markers useful for phylogenetic reconstruction. Useful nuDNA markers remain elusive.
The mtDNA gene data contribute greatly to the phylogeny based on the combined data of about 3 kbp of nucleotides. Our results are largely consistent with previous studies (Wilkinson et al., 2002; Frost et al., 2006; Grosjean et al., 2008; Li et al., 2008 Li et al., , 2009 Yu et al., 2008 Yu et al., , 2009 ). The R. dugritei species complex now has two new species (R. wui sp. nov. and R. hongchibaensis sp. nov.), besides the five originally proposed (R. dugritei, R. hungfuensis, R. hui, R. minimus, and R. puerensis).
MOLECULAR PHYLOGENY OF THE R. DUGRITEI SPECIES COMPLEX
The molecular phylogeny of the R. dugritei species complex is based on total nucleotide evidence. The R. dugritei species complex contains three, wellsupported lineages with relationships: (A, B)C (Fig. 2) . Barbour (1912) describes Hyla monticola (later replaced by Hyla bambusicola) based on specimens from Washan (=Mount Wa), Sichuan. Liu (1950) recognized the validity of R. bambusicola, and considered R. hui and R. batangensis to be junior synonyms. Subsequently, Liu & Hu (1961) considered R. bambusicola (including R. hui and R. batangensis) to be a junior synonym of R. dugritei. Two samples of R. dugritei from the type locality of R. bambusicola (Mount Wa, Sichuan Province, China) do not cluster together, but rather are rooted as a polytomy with R. dugritei from the type locality (Baoxing County, Sichuan, China) and Hongya, Sichuan (Fig. 2) . Uncorrected p-distances among five samples of R. dugritei and R. bambusicola range from 0.05 to 0.37%, and these values are typical of intraspecific variation. The extent of variation is far lower than the mean value of 7.53% for species in this group. The extent of divergence should not be used to define species, yet these low values and the absence of morphological characters suggest that gene flow occurs between the localities. Therefore, R. bambusicola appears to be a junior synonym of R. dugritei, as first surmised by Liu & Hu (1961) .
Lineage A
Rhacophorus hui is not recognized by Fei (1999) and Fei et al. (2005) . Li et al. (2006) resurrect R. hui from the synonymy of R. dugritei. Recently, Yu et al. (2009) also recognized R. hui. The validity of the species remained uncertain because recent molecular analyses did not include samples of R. dugritei from the type locality (Yu et al., 2009) . Indeed, the sample of R. dugritei used by Yu et al. (2009) is geographically closer to the type locality of R. puerensis (Pu'er, Yunnan; formerly Simao, Yunnan) than it is to that of R. dugritei. We resolve R. dugritei from the type locality as sister to R. hui from its type locality. Karyotypically, a secondary constriction and Ag nuclear organizing regions (NORs) distinctly separate R. dugritei and R. hui. These transformations indicate a possible paracentric inversion in the long arm of chromosome 10 in one of the two species (Wu & Zeng, 1994; Li et al., 2008) . Morphologically, the snout coloration of R. hui is yellowish brown, whereas that of R. dugritei is green. Although the uncorrected p-distance between R. dugritei and R. hui is low (0.42-0.63%), in the interest of nomenclatorial stability we provisionally retain both as valid species pending additional evidence. Li et al. (2006) consider R. zhaojuensis to be a junior synonym of R. hui. Our results indicate that R. hui and R. zhaojuensis from their type localities constituted a single, poorly differentiated lineage. Furthermore, the straight distance between the type locality of R. hui (Yan-wo-tang, Zhaojue County) and R. zhaojuensis (Qi-li-ba, Zhaojue County) is less than 4.5 km (Li et al., 2006) . Our molecular results supported the synonymization of R. zhaojuensis into R. hui (Li et al., 2006) . Orlov et al. (2001) ; and R. puerensis from its type locality. Fei et al. (2005 Fei et al. ( , 2009 Fei et al. ( , 2010 and consider R. puerensis to be conspecific with R. dugritei. Because lineage A is more closely related to lineage B than lineage C, we consider R. puerensis to be a valid species, which is consistent with Zhao et al. (2000) . Furthermore, uncorrected p-distances within lineage C range from 1.69 to 2.78%. It appears that R. dugritei of Yu et al. (2009), R. dugritei from Longling and Tengchong, Yunnan, and Vietnam, and R. hungfuensis in Orlov et al. (2001) should be referred to R. puerensis. Orlov et al. (2001) and Bain & Nguyen (2004) consider that R. dugritei from the northern mountains of Vietnam might be conspecific with R. puerensis, and our analysis supports this suggestion.
BIOGEOGRAPHY OF THE R. DUGRITEI
SPECIES COMPLEX
The three major lineages are well separated geographically, and we can roughly designate them as the western (lineage A), eastern (lineage B), and southern (lineage C) groups (Figs 1, 2) . The southern lineage, R. puerensis, occurs from the northern mountains of Vietnam to southern and south-western Yunnan, China. The eastern lineage includes samples widely ranging from Guangxi north-westwards to Chongqing and Sichuan, China. The western lineage, sister to the eastern lineage, is constricted to the northern mountains of Sichuan, China. The southern clade appears to have initially diverged from the eastern and western lineages. Within the southern lineage, samples from northern Vietnam are the first to have diverged.
Dispersal plays an important role in amphibian speciation (Bossuyt & Milinkovitch, 2001; Zhang et al., 2010; Che et al., 2010) . Our phylogeny suggests that frogs in the R. dugritei complex have an origin in northern Vietnam and southern and south-western Yunnan, China. If evolution is driven in this group by dispersal, and not by vicariance, then dispersal appears to have occurred northwards and eastwards to form the eastern and western lineages. Geological dynamics both reduced the physical barriers to range expansion and formed new barriers, which promoted variance and introduced complexities associated with the formation of the Qinghai-Tibetan plateau Che et al., 2010) . This orogenesis may be an important factor. All species in the R. dugritei complex appear to have a low dispersal capability. 
